The thermal stabilities of carbon nanotubes, fullerene and graphite were investigated under spark plasma sintering (SPS). Results were compared with data from synchrotron radiation in situ high temperature X-ray diffraction of these materials. Part of the nanotubes and fullerene transformed into diamond under SPS, but graphite kept stable. There was no diamond conversion in the in situ X-ray diffraction experiments under the same condition. Their phase transitional mechanism indicated the presence of plasmas during the SPS operation.
Introduction
The carbon nanotubes, fullerene (C60) and graphite have broad applications as structural and functional materials. Therefore, it is of great importance for a better in-depth understanding of their thermal stability under severe physical conditions [1, 2] . Spark plasma sintering (SPS), also defined as field assisted sintering technique (FAST) or pulsed electric current sintering (PECS), is an electric field assisted sintering process utilizing ON-OFF DC pulse energizing [3] . During its treatment, pulsed DC current directly passes through the graphite die, as well as the powder compact, in case of conductive samples [4] . During study of the thermal stability of multi-walled carbon nanotubes (MWCNTs) under various SPS conditions, it was found that under SPS conditions of 1500°C at very low pressure carbon nanotubes were unstable and transformed to diamonds without any catalysts being involved [5] [6] [7] . Recently, Inam et al. [8] reported that multiwall carbon nanotubes were not preserved for ceramic matrices that require high sintering temperatures (>1600°C) and longer processing times (>13 min) in the SPS. We proposed that the spark plasmas may play a key role to provide most of the energy required in this diamond transition [5, 6] . It indicates that the SPS has a potential to be used as an alternative method for diamond generation, and it also provides an indirect way to validate the existence of the plasmas during the SPS. However, at this point it needs further investigations due to the still on-going arguments about whether the spark plasmas actually occur during the SPS process [9, 10] . In this study, we used an indirect way to prove the presence of plasmas during the SPS.
The thermal stability and phase transitional behavior of carbon nanotubes, C60 and graphite were investigated under the SPS (pulsed DC field). The pure MWCNTs, C60 and graphite powders were processed by using the SPS. Their phase constitutions were investigated by using synchrotron radiation-high energy X-ray diffraction and Raman spectroscopy. For a comparison study, these carbon materials were also studied using the in situ high temperature (AC field) synchrotron radiation X-ray diffraction. Their phase transitional mechanisms under such novel sintering technique were discussed.
Experimental
The MWCNTs (10-20 nm) with purity above 95% were obtained from Shenzhen Nanotech Port, Ltd., China. The C60 powders with purity of 99.5% were obtained from SES Research, Huston, USA. The graphite powders with purity of 99.0% were purchased from Alfa Aesar, Germany.
These carbon powders were pressed into a graphite die for SPS treatment to form disk-shaped samples of 20 mm diameter and 5 mm thickness. The SPS experiments were conducted using a Model HPD-25/1 FCT spark plasma sintering system (FCT systeme GmbH, Rauenstein, Germany), under an axial pressure of 80 MPa in vacuum (<6 Pa). A heating rate of 100 K/min was adopted, and the sintering process lasted typically 20 min. The applied direct current for SPS was about 1000 A, with a pulse duration of 12 ms and an interval of 2 ms.
The phase identification of the obtained carbon samples was performed using high-energy X-ray diffraction at beamline BW5 (DESY/HASYLAB Hamburger Synchrotron Laboratory) with a wavelength of 0.15339 Å (80.828 keV). The carbon samples were also analyzed by a Renishaw-2000 Laser Raman spectroscopy system with a He-Ne laser excited at 514 nm. The stability of these carbon samples was investigated by the in situ high temperature X-ray diffraction at the MAX80/F2.1 high-pressure beamline of Helmholtz Centre Potsdam at HASYLAB/DESY. The MAX80 instrument uses a cubic-anvil-type press, which is known to provide better results for isotropic pressure generation compared to other multiple-anvil high-pressure devices [11] . The carbon samples were contained in cube cells made of a mixture of boron and epoxy resin with 4 mm edge length in a non-oxygen atmosphere. The pure MgO powder was used as a reference material in the cube cells. An in situ measurement comprises the room-temperature compression to the desired pressure, followed by isobaric constant-rate heating. X-ray diffraction patterns were acquired in energy-dispersive mode (EDX) during continuous specimen heating (up to 1500°C) under an applied pressure of 80 MPa. The EDX method relies on the use of a well-collimated and polychromatic (white) incident synchrotron radiation beam. The XRD patterns were collected each 10°C during constant heating.
Results and discussion
The pure MWCNTs were SPSed at 1500°C under pressure of 80 MPa for holding time of 20 min. Figure 1a shows the synchrotron radiation-high energy X-ray diffraction patterns of the raw MWCNTs and the spark plasma sintered (SPSed) MWCNTs. The raw MWNCTs show a main diffraction peak at 3.43 Å corresponding to the CNTs (0 0 2) plane spacing, and weak peaks at 2.10 and . After SPS processing, the D peak shifted to 1333 cm À1 corresponding to the cubic diamond but there was still a weak peak at 1344 cm À1 belonging to the un-reacted MWCNTs, the G band shifted to 1566 cm À1 relating to the sp 2 bonded carbon vibrations. The results of the X-ray diffraction and Raman spectroscopy confirmed the diamond formation in the MWCNTs sample after SPS at 1500°C, 80 MPa for 20 min. Figure 2a shows the synchrotron radiation-high energy X-ray diffraction patterns of raw C60 and the SPSed C60 at 1500°C, 80 MPa for 20 min. The raw C60 exhibits diffraction peaks at d spacing of 5.01, 4.28, 4.11, 3.18, 2.9, 2.74 Å belonging to C60 (1 1 0), (1 1 2), (0 0 4), (1 1 4), (3 0 0), (0 0 6) planes (ICDD No. 47-0787), respectively. The C60 after SPS shows the cubic diamond diffraction peaks at d spacing of 2.06 and 1.23 Å and a broad graphite peak. The C60 diffraction peaks disappeared indicating the C60 has completely transformed into diamond and graphite phases after the SPS processing. Figure 2b shows the Raman spectra of the raw C60 and the SPSed C60. The raw C60 shows a sharp peak appeared at 1460 cm
À1
, and two weak, broad peaks centered at 1568 and 1515 cm À1 . After SPS processing, it shows the cubic dia- mond peak at 1333 cm À1 and graphite peak at 1558 cm À1 , but the C60 peak at 1460 cm À1 disappeared. It is consistent with X-ray diffraction results that the C60 has completely transformed into diamond and graphite phases after SPS at 1500°C under 80 MPa for 20 min. Figure 3a shows the synchrotron radiation diffraction patterns of the raw graphite and the SPSed graphite at 1500°C, 80 MPa for 20 min. The raw graphite sample presents Graphite-3R and Graphite-2H diffraction peaks those are centered at 3. 41-1487 ). However, it didn't find the diamond phase in the graphite samples after the SPS processing. It only shows an increased intensity in the graphite peaks indicating the improved crystallinity. Figure 3b shows the Raman spectra of the raw graphite and the SPSed graphite. The raw graphite shows a sharp peak at 1579 cm À1 , and a weak peak at 1350 cm
. After SPS processing, the intensity of the peak at 1350 cm À1 has improved, but there is no diamond peak in the Raman spectra. The X-ray diffraction and Raman spectroscopy results confirmed that there is no diamond conversion from pure graphite after SPS at 1500°C under 80 MPa for 20 min. Figure 4a shows the synchrotron radiation-in situ X-ray diffraction patterns of the pure MWCNTs at 80 MPa under different temperatures. The combining peak of MWCNT and graphite has shifted to lower energy values. It indicates the thermal expansion of the nanotubes and graphite planes with the increase of temperature. The boron nitride (BN) peaks are from the container of the powder sample during the in situ high temperature X-ray experiments. However, there is no diamond formation at or below temperature of 1500°C under 80 MPa. It means that the MWCNTs are dynamically stable at this 1500°C temperature under 80 MPa in a nonoxygen atmosphere during the AC sintering. Figure 4b shows the synchrotron radiation-in situ X-ray diffraction patterns of the pure C60 at 80 MPa under different temperatures. There is no diamond formation in the C60 sample. It shows that the C60 is stable below temperature of 900°C. However, the C60 is unstable above that temperature point. The C60 (1 1 0) peak disappeared above temperature of 900°C and C60 (1 1 2) peak disappeared above temperature of 990°C. It is found that the graphite is very stable in the in situ high temperature X-ray experiments at or below temperature of 1500°C under 80 MPa. Synchrotron radiation-high energy X-ray diffraction [13] was used to identify the diamond phase in the carbon samples after SPS. In order to confirm the diamond formation, Raman spectroscopy was also used to identify the formation of sp 3 bonded diamonds. By using the high energy X-ray diffraction and Raman spectroscopy, the cubic diamond phases were identified and confirmed in the SPSed MWCNTs and C60 samples. The n-diamond was also found in the SPSed MWCNTs sample. The n-diamond is a new kind of carbon allotrope, which was a metallic form of carbon with face-centred cubic structure [14] . It is a metastable and intermediate phase, can decompose slowly at room temperature, and has been synthesized accidentally by various processes [15] . This is noted that the n-diamond can also be synthesized by the SPS process. The standard d spacing of the cubic diamond (1 1 1 (2 2 0) and (3 1 1) planes are centered at 2.059, 1.261 and 1.075 Å (ICDD No. 65-537). The cubic diamond in the SPSed MWCNTs centered at 2.05, 1.23 and 1.06 Å, and in the SPSed C60 appeared at 2.06 and 1.23 Å spacing. The diffraction peaks of the synthesized diamond from MWCNTs and C60 are very close to the standard diamond diffraction data, but there is a little shift. The diamond peak shifts are due to the existence of residual stress in the synthesized diamonds from MWCNTs and C60 by using the SPS. The residual stress of the diamond is because of the stress that remains after the original cause of the stresses (uniaxial forces, heat gradient) has been removed after the SPS processing. In this study, uniaxial force of 80 MPa was applied and there generally existed some temperature gradients during the operation of the SPS. Therefore, the diamond peaks in the SPSed MWCNTs and C60 have shifted a little. Combining the results of the Raman spectroscopy, the formation of diamond phases in these MWCNTs and C60 samples is confirmed. It is found that there are no C60 peaks in the X-ray diffraction and Raman results of the SPSed C60 sample, but there are strong unreacted MWCNTs peaks in the SPSed MWCNTs sample, and there are no diamond phases in the SPSed graphite sample. There exists a high activation barrier from the graphite, MWCNTs and C60 to diamond, the exact height of which is unknown. The results in this study indicated that the activation barrier between the C60 and diamond is lower than that of the MWCNTs with diamond, and this barrier between MWCNTs and diamond is lower than that of the graphite with diamond. The graphite is the most stable crystalline modification of carbon among the MWCNTs, C60 and graphite allotropes under the SPS processing. The SPS is a remarkable technique to synthesize and consolidate a large variety of materials. The process typically uses moderate uniaxial pressures usually below 100 MPa in combination with a pulsing ON-OFF DC current during its operation. There are many mechanisms proposed to account for the enhanced sintering abilities of the SPS process; for example, field assisted diffusion [15] , spark impact pressure [15, 16] , plasma cleaning of particle surfaces [17] , Joule's heating [16, 17] , local melting and evaporation especially in metallic systems [16] , surface activation on particles [18] and electron wind force [19] . The one that draws the most controversy of these mechanisms involves the presence of momentary plasma. In this study, the diamond converted from the MWCNTs and C60 without any catalysts being involved in the SPS. However, the parallel investigations by using the synchrotron radiation in situ high temperature X-ray diffraction show that there is no diamond formation in the MWCNTs and C60 samples in the AC sintering at the same pressure (80 MPa) and temperature (1500°C). What is their phase transitional mechanism from MWCNTs and C60 to diamond in the SPS? Such a clear, significant difference in the products is due to the special sintering principle of SPS. It is a field activated sintering technique based on an DC electric spark discharge phenomenon, i.e. a high energy and low voltage spark pulse DC momentarily generates sparking plasma between particles, which causes localized high temperatures. It is an electric AC heating in the in situ high temperature experiments. Without plasma effect, it would need 8000-10,000°C at pressure of 80 MPa to get diamond from the MWCNTs and C60, as we calculated. Therefore, super-high pressure (5-10 GPa) are required for the diamond formation in the hydrostatic HPHT technique. Since the SPS only needs MPa level pressure, it is believed that the plasma plays the key role for the diamond transformation from the MWCNTs and C60. The high current, low voltage, momentary pulsed plasma discharge have generated highly localized Joule's heating up to a few thousand degrees Celsius between particles in few minutes. The current density in the SPS is typically on the order of 10 2 A/cm 2 and is highly concentrated at the inter-granular contact or interface [12] . The momentary pulsed plasma provided energy equivalent to thousand degrees to help the nano-carbon across their activation barriers to the diamond phase. It leads to the transformation of mainly sp 2 bonded MWCNTs and C60 to sp 3 bonded diamonds. Despite the on-going argument about whether the spark plasmas actually occur during the SPS process, our present study, regarding on the generating diamond under such a low pressure, suggests that such spark plasmas indeed took place during SPS of these nano-carbon materials with excellent electrical conductivities and high surface areas. The plasmas generated very high localized temperatures up to about 8000-10,000°C and dramatically reduced the pressures required for diamond formation from the GPa to the MPa level. Eventually, this research provided some new indirect evidences for the presence of plasmas during the SPS operation.
Conclusions
The thermal stability of MWCNTs, C60 and graphite has been investigated under the pulsed DC field in a SPS furnace. Cubic diamond and n-diamond have been converted from pure MWCNTs, cubic diamond has been converted from pure C60 without catalysts being involved by the SPS at conditions of 1500°C, 80 MPa for 20 min. There was no notice of diamond formation in the case of pure graphite sample processed by SPS at this condition. The graphite is the most stable crystalline modification of carbon among the MWCNTs, C60 and graphite allotropes under the SPS. The parallel investigations by using the synchrotron radiation in situ high temperature (AC field) X-ray diffraction show that there is no diamond formation in the MWCNTs and C60 samples at the same pressure (80 MPa) and temperature (1500°C). Their phase transitional mechanism from MWCNTs and C60 to diamond indicated the high localized temperatures between particles due to the presence of momentary plasmas during the SPS process.
